Introduction
Raspberry bushy dwarf virus (RBDV) infects wild and cultivated Rubus plants throughout the world and is an important pathogen of red raspberry (Murant, 1987) . The virus is transmitted to raspberry plants in association with pollen from infected plants, and also to seedling progeny. Particles of RBDV are about 33 nm in diameter and appear slightly flattened in electron micrographs (Barnett & Murant, 1970) . They are relatively unstable and dissociate in low concentrations of SDS (Murant, 1976) . In these properties, RBDV resembles ilarviruses but, whereas ilarvirus particles contain four RNA species [in the case of tobacco streak virus, of about 3.8 kb (RNA-1), 3.2 kb (RNA-2), 2-2 kb (RNA-3) and 1-2 kb (RNA-4)], RBDV particles contain only three, of about 6.0 kb (RNA-1), 2.3 kb (RNA-2) and 1.0 kb (RNA-3). Thus RBDV RNA-1 is as large as ilarvirus RNA-1 and RNA-2 combined. However, RBDV RNA-3 resembles ilarvirus RNA-4 both in size and in being a subgenomic monocistronic mRNA for virus coat protein.
This RBDV subgenomic RNA is derived from the 3' portion of the bicistronic genomic RNA-2 (Natsuaki et al., 1991) . The other large open reading frame (ORF) in RBDV RNA-2 encodes a 39K protein which has very weak amino acid sequence similarity with the 32K protein encoded by RNA-3 of alfalfa mosaic virus (A1MV). The combination of these properties distinguishes RBDV from all other described plant viruses (Francki et al., 1991) .
The nucleotide sequences of RNA-3 and RNA-2 of RBDV have been determined Natsuaki et al., 1991) . In this paper we complete the analysis of the RBDV genome by describing the nucleotide sequence of RBDV RNA-1. We also compare the polypeptide encoded by this sequence with nonstructural proteins of other RNA plant viruses to assess the relationships between RBDV and members of other plant virus groups.
Methods
Virus isolates and propagation. The RBDV isolate used was R15, a resistance-breaking strain isolated from Mailing Jewel raspberry (Murant et al., 1986) . The nucleotide sequence of RNA-2 of this isolate has been described by Natsuaki et al. (1991) . Virus particles were purified from systemically infected Chenopodium quinoa plants as described by Murant (1976) and Murant et al. (1986) .
Isolation and separation of virus RNA. RNA was extracted from purified particles and the RNA species were separated by centrifugation in 10% to 40% sucrose gradients, all as described by Murant et al. (1986) .
Northern blotting. Northern blotting experiments were done as described by Natsuaki et al. (1991) . The probe was eDNA corresponding to nucleotides 4370 to 5210 of the sequence shown in Fig. 1 . 10  30  50  70  90  110  AUAt~UGGU~~~U~G~UCUC~GGU~GACAUCUAU~A~CUI~Atr~GA~ACGGGGA~GLr~UAC~GAGAUA~CUU~CaGA~GCUUAGAUIyJ  MECLDF  130  150  170  190  210  230  ~C~GCU~~ACGGCCGC~CCA~CGGUG~JA~AUGA~GUC~`~`~%AUGC~AGGUGAU~AU~ACAGAUC~UCAL~JUCUGGC~G~CC~  SKLWFSTAAGLQQRCYYDCVAWECLGDDDLQIFISGLNRL  250  270  290  310  330  350  CAUAGA~CCGUUGCU~ACCGGCGACG~GALr~-UGGA~GUCGUGGA~CAUGU~UGAGUUCGt~JACGGGGAGAGACUUG~CIy~UCUUCGCUGCUGACCUCC~GU  IESVAVSCTGDEDLDFVVDSCNEFVTGRDLKSFFAADLPV  370  390  410  430  450  470  UAGAGAGGUCAGUUCUGUGGGAUGUAUAUCUCACI~UAUUCCA~GGUUU~ACUG~UGUCUC~A~AU~CCAGUU~AUGGI~GUUCU~A~K~CCGAt~u.U  REVSSVGCISHFIPGSVSGLNVSDLLDNQLYGCSVFSSDF  490  510  530  550  570  590  CGAAUCGAAGCUGAGGGAUAUACGGGAUGCGGCCCt~t~CUGAUGCC~GUC~~AGUUA~CAUIytJUGAAAAAGAUGUUAGACAC~CUUGGC~AG~UGCU~  ESKLRDIRDAALSDAASGVSQLVSCHFEKDVRHLLAENAN  610  630  650  670  690 oligo(dT)12 15 and reverse transcribed as described by Gubler & Hoffman (1983) . The double-stranded cDNA was ligated into SmaI-cut pUC19 and was used to transform Escherichia coli strain DH5cc Other cDNA clones were obtained by using the following synthetic oligonucleotides as primers: 5' TCAGTATCGTTTAGGTACCGC (complementary to nucleotides 2418 to 2439), 5' TTACGAAGGGAT-CCA (complementary to nucleotides 1531 to 1545) or 5' CGATGAGT-ATGTCGT (complementary to nucleotides 877 to 891). Suitable cloned cDNA was selected by hybridization either with RNA-I 5' endlabelled with T4 polynucleotide kinase after fragmentation by heat treatment, or with random-primed radioactive cDNA made using RNA-1 as template (Maniatis et al., 1982) .
Nucleotide sequencing. Plasmid DNA from recombinant clones was prepared and digested with suitable restriction enzymes. The resulting fragments were subcloned into M13 vectors (Mayo et al., 1989) . Sequences were determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) as described by Mayo et al. (1989) . Sequences were assembled by using the DBUTIL and DBAUTO programs (Staden, 1982) and analysed by using the COMPARE, DOTPLOT, GAP and FOLD programs in the UWGCG computer program package (Devereux et al., 1984) , and the ISIS package (Leeds University).
Determination of the 5"-terminal sequence. The 13 Y-terminal nucleotides were sequenced directly from purified RNA-1 by reverse transcription (Allison et al., 1988 ) from a primer (5' GTCAGACCAG-CAGATT, complementary to nucleotides 32 to 47) that had been 5" end-labelled (Maniatis et al., 1982) . To sequence the 5'-terminal portion of the RNA, terminal deoxynucleotidyl transferase was added with the chase mixture to each sequencing reaction (DeBorde et al., 1986) .
Results

Nucleotide sequence of RNA-1
The nucleotide sequence obtained from analysis of the cloned cDNA is shown in Fig. 1 . The sequence was determined in both directions for all but the 13 5'-terminal nucleotides and consists of 5449 nucleotides. Several nucleotide changes were observed by sequencing different clones originating from the same RNA region. These were (compared with the sequence in Fig. 1) A for U at nucleotide 36 (one of four clones; no coding effect); U for G at nucleotide 37 (one of four clones; no coding effect); U for G at nucleotide 742 (one of three clones; D for E); U for G at nucleotide 1662 (one of four clones; F for C); U for C at nucleotide 2604 (one of three clones; M for T); U for G at nucleotide 3452 (one of three clones; termination codon for E); U for C at nucleotide 5128 (one of three clones; no coding effect). large ORF would be 1694 amino acids long. The calculated M r of 190946 (190K) corresponds with the estimate of 190000 for the largest translation product of RNA-1 or unfractionated RNA made in reticulocyte lysate (Murant et al., 1986) . This further supports the idea that the AUG at positions 104 to 106 is the initiation codon because the putative product of translation starting with the AUG at positions 644 to 646 (the next in-frame initiation codon) would have an Mr of 169000. The only other ORF which could encode a protein with an Mr of > 5000 starts at nucleotide 5006 (inside the reading frame for the 190K protein) and ends at position 5396.
Coding region
RNA
No subgenomic RNA molecules were detected in Northern blotting experiments with total RNA extracted from RBDV-infected C. quinoa leaves using a probe complementary to the 3' end (nucleotides 4370 to 5210) of the RNA-1 (data not shown). The largest in vitro translation product was of Mr 190K and it appears that both in vitro and in vivo it is genome-sized RNA-1 that is translated. 
Non-coding regions
The sequence of a short portion of the 3' end of RNA-1 has been determined by Natsuaki et al. (1991) . The Y-terminal 18 nucleotides of RNA-1 and RNA-2 are identical. The sequences differ 5' of this point, but the putative secondary structures for these regions (the 3'-terminal 100 nucleotides) show a very similar arrangement of stems and loops (Natsuaki et al., 1991) . The free energies for these structures, recalculated by using the UWGCG program FOLD, are -29-0 kJ for RNA-1 and -27-3 kJ for RNA-2. Primer extension to detect the Y-terminal sequence of RNA-1 was done by adding terminal deoxynucleotidyl transferase to the sequencing mixtures. When terminal deoxynucleotidyl transferase was not added to the chase reactions, two major 'strong-stop' reverse transcriptase run-off products were produced (data not shown). This suggests, by analogy with other examples, that the 5' end of RNA-1 contains a cap structure (Ahlquist & Janda, 1984; Gupta & Kingsbury, 1984) .
Discussion
The determination of the nucleotide sequence of RNA-1 completes the sequencing of the RBDV genome, which consists of two RNA species encoding three proteins. The total genome size is 7-6 kb (Fig. 2) . The arrangement of putative gene products in this bipartite genome is unlike those in the bipartite genomes of any other plant viruses.
The amino acid sequence of the 190K polypeptide was compared with those of other viral proteins in the ISIS protein database (Leeds University) by using the program NEWSWEEP. Significant homologies were detected with non-structural proteins of A1MV (Cornelissen et al., 1983a, b) , cucumber mosaic virus (CMV) (Rezaian et al., 1984 (Rezaian et al., , 1985 , brome mosaic virus (BMV) (Ahlquist & Janda, 1984) , cowpea chlorotic mottle virus (CCMV) (Allison et al., 1989; Dzianott & Bujarski, 1991) , tobacco mosaic virus (TMV) (Goelet et al., 1982) , broad bean mottle virus (BBMV) (Romero et al., 1992; Dzianott & Bujarski, 1991) , tobacco rattle virus (TRV) (Cornelissen et al., 1986 ) and, to a lesser extent, several animal alphaviruses.
Pairwise comparisons between the translation product of RBDV RNA-1 and the corresponding proteins of the above-mentioned plant viruses were made using the program DOTPLOT. In each case, three regions of homology were detected (Fig. 3) . A comparison between the 190K protein of RBDV and the TMV non-structural protein is shown in Fig. 3 (a) ; comparison with the TRV non-structural protein produced a very similar result. A comparison of the 190K protein of RBDV and the la and 2a proteins of A1MV is shown in Fig. 3 (b, c) ; comparison of the 190K protein of RBDV and the la and 2a proteins of BMV, CCMV or BBMV gave a very similar picture. Fig. 3 (b) shows a comparison between the N-terminal part of the RBDV RNA-1 product and the 125K protein of AIMV. Two regions of homology (labelled I and II in Fig. 3a, b) were detected. These correspond to the domains found by Haseloff et al. (1984) and Ahlquist et al. (1985) , which are similar to portions of the Sindbis virus proteins nsP1 (region I) and nsP2 (region II). The region homologous to the Sindbis virus nsPl domain is thought to act as a methyltransferase during viral RNA capping (Mi et al., 1989) . The translation product of RBDV RNA-1 also contains helicase motifs (region homologous to the nsP2 protein of Sindbis virus); a purified preparation of AIMV RNA-dependent RNA polymerase has been shown to have helicase activity (Quadt et al., 1991) .
The line of similarity in region I in Fig. 3(b) is displaced after amino acid 280, which suggests that the RBDV RNA contains an insertion with respect to the AIMV sequence.
Comparison of the C-terminal part of the RBDV RNA-1 product with the RNA-2 products of AIMV (Fig.  3c) , BMV (not shown) and the readthrough portion of the TMV 183K protein (Fig. 3a) revealed another domain of homology (labelled III in Fig. 3a, c) . This region has a counterpart in the readthrough protein nsP4 of Sindbis virus , and appears to be remarkably similar in Fig. 3 (a) and (c). It contains the GDD motif (amino acids 1543 to 1545), which suggests, by analogy with other viral non-structural proteins, that these proteins are involved in the replication of viral RNA. Of the viruses compared, RBDV most closely resembles AIMV (29.6 ~ identity to AIMV 125K protein, 34.2~ identity to A1MV 90K protein), BMV (31.3% identity to the la protein, 27-4~ identity to the 2a protein) and TMV (26.5~ identity with the 183K protein) (the percentage identity figures refer to the entire sequences). Thus, RBDV fits into the supergroup of 'Sindbis-like' plant viruses (Goldbach & Wellink, 1988) .
In contrast to those of A1MV, BMV and CMV, all three functional RBDV domains are combined in the same polypeptide. Unlike TMV, the sequences encoding regions II and III are not separated by a termination codon and region III is not expressed by readthrough. No subgenomic RNA molecules have been detected. Also, there is no homology between the RBDV RNA-I product and viral proteases. Therefore the 190K protein encoded by RBDV RNA-1 seems to be multifunctional.
Our findings support the idea that RBDV is the sole representative of a distinct virus genus for which the name idaeovirus has been proposed (A. F. Murant & M. A. Mayo, unpublished data) to the International Committee on Taxonomy of Viruses.
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